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Molecular	 studies	are	mainly	described	 for	 the	model	
plant	Arabidopsis	 thaliana,	but	we	also	 like	 to	demon‐
strate	how	this	knowledge	can	be	transferred	to	agricul‐
turally	 important	 Brassica	 species,	 such	 as	 Brassica	

























by	 employing	 plasticity	 in	 their	 growth	 and	 development.	
These	 molecular	 mechanisms	 define	 a	 multi‐dimensional	




sponding	 to	 such	 unfavorable	 environmental	 conditions.	
The	responses	of	plants	to	abiotic	stress	include	numerous	








tors	 in	 controlling	 these	 adaptation	 processes	 are	 rather	







The	spatiotemporal	control	of	auxin	 levels	 is	crucial	 to	
the	development	of	plants;	in	particular,	to	the	proliferation	
of	 the	 plant	 root	 system.	 This	 kind	 of	 control	 cannot	 be	
achieved	by	directed	and	undirected	auxin	transport	alone,	
but	 rather	 has	 to	 include	 biochemical	 processes	 that	 are	
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cial	 for	 optimal	 waterlogging	 and	 nutrient	 uptake	 via	 the	















ents	 has	 been	 attributed	 to	 two	 different	 processes,	 local	
auxin	biosynthesis	(Zhao	2010)	and	directional	intercellular	





growth	 responses.	 Basically	 any	 plant	 cell	 is	 assumed	 to	







idence	 for	a	number	of	 short	 signal	 transduction	cascades	
that	govern	root	growth	responses	by	transcriptional	repro‐
gramming	 of	 responding	 cells.	 Herein,	 they	 control	 both	




several	 transcriptional	 repressors	 of	 the	 Aux/IAA	 family,	
which	are	targeted	for	proteolysis	by	the	receptor	complex.	



















chemical	 reactions	 including	 de	 novo	 biosynthesis,	 for‐
mation	and	decomposition	of	IAA	sugar	and	IAA	amino	acid	
conjugates,	 and	 translocation	 processes	 control	 cellular	

























tivity	 to	 auxin‐regulated	 root	 growth,	 indicating	 a	 role	 for	
GH3‐9	in	root	development	(Khan	and	Stone	2007).	Another	
example	 provides	 the	 symbiosis	 of	 P.	 indica	 with	 an	 Ara‐










be	upregulated	 (Alam	et	 al.	2010).	Furthermore,	 tempera‐
ture	sensitive	cells	of	henbane	had	altered	auxin	conjugate	
levels	(Oetiker	and	Aeschbacher	1997).	GH3	auxin	conjugate	
synthetase	genes	are	also	directly	 involved	 in	stress	 toler‐
ance.	WES1	(GH3‐5)	for	example	was	also	induced	by	various	
stress	conditions	such	as	cold,	drought	and	heat	treatment	
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as	well	as	by	the	stress	hormones	salicylic	acid	(SA)	and	ab‐
scisic	acid	(ABA).	It	is	interesting	to	note	that	WES1	cannot	
only	 adenylate	 IAA	 but	 also	 SA	 (Staswick	 et	 al.	 2005).	 A	
WES1	overproducing	line	(wes1‐D)	was	resistant	to	abiotic	
stresses	such	as	drought,	freezing	and	salt,	but	also	high	tem‐
peratures	 (Park	et	 al.	 2007),	whereas	a	T‐DNA	 insertional	
mutant	 showed	 reduced	 stress	 resistance.	 In	 addition,	
stress‐responsive	 genes	 were	 up‐regulated	 in	 the	wes1‐D	
mutant.	Interestingly,	CBF	(C‐repeat/dehydration‐responsive	














al.	 2005;	 Sherameti	 et	 al.	 2005;	Yadav	et	 al.	2010),	 allows	
plants	to	survive	under	water	and	salt	stress	(Sherameti	et	
al.	2008a;	Baltruschat	et	al.	2008;	Sun	et	al.	2010),	and	stim‐
ulates	 growth,	 biomass	 and	 seed	production	 (Verma	et	 al.	
1998;	 Shahollari	 et	 al.	 2004,	 2005;	 Sherameti	 et	 al.	 2005,	
2008b;	Vadassery	et	al.	2008;	Waller	et	al.	2005,	2008;	Oel‐
müller	 et	 al.	 2009).	 In	 Arabidopsis	 and	 Chinese	 cabbage	
(Brassica	rapa)	growth	promotion	can	also	be	achieved	by	








al.	 2013).	 The	 exudate	 component	 induces	 massive	 root	
branching,	and	results	in	a	more	than	2‐fold	increase	in	the	
auxin	level	in	the	roots	(but	not	in	the	shoots)	of	Chinese	cab‐
bage	 seedlings	 (Lee	 et	 al.	 2011).	 Furthermore,	 the	 aerial	
parts	 of	 these	 plants	 are	 significantly	 more	 resistant	 to	
drought	 (Sun	 et	 al.	 2010).	 Since	 exogenous	 application	 of	
auxin	to	Chinese	cabbage	roots	cannot	replace	the	beneficial	
effects	of	the	fungus,	characterization	of	the	already	identi‐





























meostasis,	 i.e.	 via	 biosynthesis	 and	 release	 from	 inactive	
conjugates	might	be	a	direct	or	indirect	consequence	of	P.	in‐
idca	 colonization.	P.	 indica	 confers	 stress	 tolerance	 to	Chi‐
nese	 cabbage	 roots	 via	 changes	 in	 the	 auxin	 homeostasis.	
Moreover,	the	fungus	utilizes	several	plant	hormone	signal‐
ing	pathways	to	confer	 increased	tolerance	and	thus	influ‐
ences	 the	 hormonal	 networks	 in	 roots	 under	 given	 stress	
conditions	(Schäfer	et	al.	2009;	Sun	et	al.	2014).	
Four	 kinds	 of	 abiotic	 stresses	 impairing	 plant	 growth	
and	biomass	production	play	major	roles	in	agriculture:	salt	





tion	 of	 auxin	 perception,	 and	 auxin	 accumulation	 (López‐





















and	 represent	 a	 large	 number	 of	 economically	 important	
plant	culture	crops.	Brassica	vegetables	like	cabbages,	broc‐




world,	 and	 European	 Union,	 respectively,	 in	 2013.	 The	
model	 plant	 A.	 thaliana	 can	 be	 used	 to	 elucidate	 general	
mechanisms	by	functional	and	genetic	analysis.		
In	 conclusion,	 understanding	 auxin	 homeostasis‐based	
networks	 that	 govern	 the	 outcomes	 of	 plant	 growth	 re‐
sponses	to	a	number	of	different	abiotic	stress	conditions	in	
roots	is	an	important	task	for	the	future.	The	results	will	be	
of	 great	 significance	 for	 studies	 of	 crosstalk	 signaling	 not	
only	in	plant‐pathogen	but	also	in	plant‐stress	interactions.	
The	broader	merit	could	result	in	improved	stress	resistance	
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incorporated	into	commercial	lines	that	is	of	great	and	im‐
mediate	 significance	 for	 the	 general	 public,	 seed	 industry,	




resources	 (arable	 land),	 this	 is	 and	 will	 become	 an	 even	
more	 important	 matter	 of	 concern.	 Achievement	 of	 these	
goals	is	possible,	as	demonstrated	by	P.	indica	colonization,	
however	our	present	knowledge	about	the	auxin	targets	of	






















affect	 plant	 growth	 and	 productivity	 (Wang	 et	 al.	 2001).	
Much	abiotic	stresses,	e.g.	drought,	salinity,	or	extreme	tem‐





verse	environmental	 stress	 cues	often	activate	 similar	 cell	









aptation	 of	 the	 plant	 developmental	 program.	 Due	 to	 the	
high	degree	of	developmental	plasticity,	plants	are	able	 to	











Research	 on	 abiotic	 stress	 involved	 the	 screening	 for	











tolerant	 to	more	 than	 one	 abiotic	 stress	 situation.	 To	 im‐
prove	the	root	system	by	using	natural	compounds,	i.e.	aux‐
ins	will	 be	 important	 for	 the	understanding	 root	 develop‐


























and	 AUXIN/INDOLE‐3‐ACETIC	 ACID	 (Aux/IAA)	 proteins	
that	act	as	inhibitors	of	the	ARFs.		
It	 has	 been	 reported	 that	 the	 control	 of	 lateral	 root	




fying	 pericycle	 cells	 to	 become	 lateral	 root	 founder	 cells	
prior	to	lateral	root	initiation	(De	Rybel	et	al.	2010).	Lateral	
root	initiation	itself,	is	largely	maintained	by	the	SOLITARY	
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in	the	generation	of	local	auxin	maxima	is	surely	the	cell‐to‐
cell	transport	of	IAA	by	polar	localized	auxin	exporters	of	the	
PIN‐FORMED	 (PIN)	 family	 and	 some	 evenly	 distributed	
ATP‐binding	cassette	subfamily	B	(ABCB)‐type	transporters	
of	 the	 multidrug	 resistant/phosphoglycoprotein	 (ABCB/	





mation,	 gametogenesis,	 embryogenesis,	 seedling	 growth,	
and	flower	development	(Zhao	2010).	Moreover,	it	has	been	

























Stepanova	 et	 al.	 2011),	 and	 the	 CYP79B2/B3	 cytochrome	
P450	monooxygenase	 family‐dependent	 pathway	 (Zhao	 et	
al.	 2002;	 Sugawara	 et	 al.	 2009).	 The	 lack	 of	 CYP79B2/B3	
homologs	 in	 genera	 other	 than	 Arabidopsis	 and	 very	 few	
closely	related	species	most	likely	restricts	the	latter	path‐
way	to	the	Brassicaceae	family	and	contradict	a	widespread	
distribution	 of	 this	 route	within	 the	 plant	 kingdom	 (Quit‐
tenden	et	al.	2009;	Sugawara	et	al.	2009).	Besides	the	above‐
mentioned	 biosynthetic	 pathways,	 several	 other	 publica‐
tions	reported	the	operation	of	an	IAM	hydrolase‐dependent	
pathway	to	occur	in	planta	(Pollmann	et	al.	2003;	Arai	et	al.	







Various	 features	 in	 root	 architecture	 such	 as	 in‐
crease/decrease	 of	 primary	 root	 length,	 number	 of	 lateral	
roots	and	root	hairs	all	are	connected	to	root	surface	which	
affects	viability	of	the	upper	part	of	the	plant.	Auxins	play	a	
major	 role	 in	 root	 growth	 and	 development,	 and	




Previous	 research	 characterized	 the	 first	 de‐
scribed	 IAM	 hydrolase	 from	 plants,	 referred	 to	 as	
AMIDASE1	(AMI1)	(Pollmann	et	al.	2003,	2006;	Neu	
et	al.	2007).	The	Arabidopsis	AMI1	shows	high	ho‐
mology	 to	 bacterial	 iaaH	 auxin	 biosynthesis	 en‐
zymes	from	plant	pathogens,	such	as	Pseudomonas	
and	Agrobacterium.	Metabolic	 and	 genetic	 studies	
have	underlined	the	contribution	of	AMI1	to	auxin	
biosynthesis	in	planta,	too	(Lehmann	et	al.	 in	revi‐
sion).	 The	 induced	 ectopic	 expression	 of	AMI1	 re‐
sults	in	auxin‐related	mutant	phenotypes,	i.e.	short	
primary	 roots,	 reduced	 growth,	 and	 curled	 leaf	





liferating	 tissues	 (Pollmann	 et	 al.	 2006;	 Hoffmann	 et	 al.	
2010;	Lehmann	et	al.	in	revision),	resembling	the	expression	
pattern	 of	 other	 auxin	 biosynthesis	 genes,	 such	 as	 YUC4,	




expression	 of	AMI1.	 In	 particular,	 salt	 stress	 has	 been	 re‐
ported	 to	significantly	up‐regulate	 the	expression	of	AMI1,	
whereas	high	sugar	contents	have	been	shown	to	suppress	
AMI1	 transcription.	 The	 latter	 implies	 crosstalk	 between	
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auxin	production	can	negatively	affect	lateral	root	formation	
and	the	expansion	of	the	root	system.	Currently,	we	favour	






ment.	 Alternatively,	 AMI1‐mediated	 auxin	 biosynthesis	
might	 result	 in	 general	 auxin	 overproduction,	 which	 may	
have	 a	 global	 inhibitory	 effect	 on	 root	 proliferation.	How‐
ever,	it	is	yet	too	early	to	decide	which	molecular	mechanism	
is	 responsible	 for	 the	 suppressive	 function	of	AMI1,	 as	 in‐
sight	into	the	dynamic	expression	of	AMI1	during	the	course	
of	lateral	root	formation	is	yet	to	be	provided.	
Some	 other	 previous	 studies	 unraveled	 substantial	
crosstalk	between	oxylipins	and	auxin.	This	is	remarkable	in	
such	as	these	two	plant	hormones	usually	have	antagonistic	
effects.	 However,	 it	 appeared	 that	 the	 expression	 of	 one	
YUCCA	(YUC)	gene	family	member,	YUC9,	is	strongly	induced	




the	 JA	 receptor	 mutant	 coi1,	 reveaved	 that	 JA‐mediated	












errant	 root	 branching	 phenotype.	Noteably,	 a	 loss	 of	 both	
loci,	YUC8	and	YUC9,	translates	into	a	nearly	complete	lack	
of	 IAA	production	 in	 response	 to	 the	 administration	 of	 JA	
(Hentrich	 et	 al.	 2013a).	 Interestingly,	 JA	 has	 additionally	
been	reported	to	induce	the	expression	of	several	IAA‐amino	
acid	 hydrolases,	 i.e.	 IAR3,	 ILR1,	 ILL3,	 and	 ILL5	 (Taki	 et	 al.	
2005;	 Salopek‐Sondi	 et	 al.	 2013).	 The	 corresponding	 en‐
zymes	could,	in	turn,	be	responsible	for	the	remaining	IAA	
formation	 in	 the	 yuc8/yuc9	 double‐knockout	 line,	 thereby	
providing	a	functional	connection	between	auxin	de	novo	bi‐
osynthesis	 and	 auxin	 release	 from	 diverse	 storage	 pools.	
However,	these	results	are	in	agreement	with	promoter	re‐
porter	 studies	 that	 disclosed	 expression	 pattern	 for	 both	
YUC8	and	YUC9	that	imply	a	participation	in	lateral	root	de‐
velopment.	Apparently,	YUC9,	but	not	YUC8,	is	downstream	
of	 the	 repressor	 protein	 SOLITARY	 ROOT/IAA14,	 as	 it	 is	
clearly	up‐regulated	in	the	slr1	null	mutant	background.	In‐
triguingly,	 YUC9	 is	 seemingly	 not	 controlled	 by	 ARF7/	





expression	 gets	 visible	 at	 stage	 II	 to	 III	 of	 primordia	 for‐
mation	in	the	central	cylinder	of	the	root,	directly	beneath	
proliferating	lateral	root	primordia.	The	expression	level	in‐
creases	with	 the	onset	of	 lateral	 root	growth	but	stays	re‐
stricted	to	the	central	cylinder	of	the	primary	root.	YUC8	ex‐
pression,	however,	lacks	behind	showing	first	detectable	sig‐



















secondary	 plant	 growth.	 Both	 of	 these	 effects	 can	 be	 ob‐
served	 in	 respective	YUC8	 and	 YUC9	 gain‐of‐function	mu‐
tants	(Hentrich	et	al.	2013a,	b).	








transcriptionally	 control	 target	 gene	 expression.	 Possibly	
even	more	 importantly,	 the	 three	 target	 genes	 show	 very	
broad	 distribution	 in	 the	 plant	 kingdom,	 implying	 an	 im‐
portant	and	perhaps	basic	function.	Currently,	there	are	47	
identified	AMI1	homologous	proteins	derived	 from	38	dif‐












opment	 of	 targeted	 breeding	 programs	 that	 yield	 in	 elite	
germplasms	with	improved	traits.	







amide	 conjugates	 (reviewed	 by	 Bajguz	 and	 Piotrowska	
2009).	Since	1955,	when	IAA‐Asp	was	detected	as	a	first	am‐
ide	conjugate	in	pea	seedlings,	different	amino	acids	(see	for	
review	 Woodward	 and	 Bartel	 2005;	 Ludwig‐Müller	 et	 al.	
2009;	 Penčik	 et	 al.	 2009)	 and	 peptide	 (Walz	 et	 al.	 2002,	
2008;	Seidel	et	al.	2006)	conjugates	of	IAA	were	reported	to	
be	 identified	 in	 different	 plants.	 It	 is	 generally	 postulated	
that	IAA	conjugated	to	Asp	and	Glu	is	an	irreversible	catabo‐
lite	 being	 important	 for	 auxin	 detoxification,	 while	 other	
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al.	 1989;	 Mihaljević	 and	 Salopek‐Sondi	 2012),	 although	
mechanism	of	root	initiation	has	remained	unclear.	
The	 conjugate	 IAA‐Trp	 has	 a	 different	 function	 from	
other	 auxin	 conjugates,	 i.e.	 it	 is	 not	 a	 storage	 compound	
(Staswick	2009).	IAA‐Trp	caused	agravitropic	root	growth	in	
seedlings,	 while	 Trp	 alone	 did	 not.	 In	 addition,	 IAA‐Trp	
nearly	 eliminated	 seedling	 root	 inhibition	 caused	 by	 high	
concentrations	of	IAA	and	inhibited	IAA‐dependent	stimula‐










(generally	 reduce)	 during	 adverse	 environmental	 condi‐
tions.	Furthermore,	perturbation	in	auxin	profile	such	as	el‐
evated	level	of	long	chain	auxin	IBA	and	its	sugar	conjugate	
IBA‐Glc	 in	 Arabidopsis	 transgenic	 plants	 ectopically	 ex‐
pressed	 UDP‐glucosyltransferase	 (UGT74E2)	 has	 been	
shown	 to	 improve	 survival	 during	drought	 and	 salt	 stress	








duce	GH3	enzymes	 in	Arabidopsis	 (Park	 et	 al.	 2007).	 Fur‐
thermore,	 activation	 of	 GH3	 promoter	 has	 been	 found	 in	
poplar	under	salt	stress	by	using	pGH3::GUS	as	an	auxin‐re‐
sponsive	 reporter	 (Teichman	 et	 al.	 2008).	 Tognetti	 et	 al.	
(2010)	 showed	 that	 UDP‐glucosyltransferase	 (UGT74E2),	
which	 preferentially	 glucosylates	 IBA	 as	 a	 substrate	 was	
strongly	 upregulated	 during	 drought	 and	 salt	 stress.	 The	
mechanism	of	 regulation	 has	 appeared	 to	 be	mediated	 by	
H2O2,	usually	released	during	stress	conditions.	On	the	other	
side,	Arabidopsis	plants	 transformed	with	 auxin‐amidohy‐
drolase	gene	 ILL3	 from	poplar	were	more	resistant	 to	salt	
stress	 than	 the	 wild‐type	 plants	 (Junghans	 et	 al.	 2006).	
Based	on	proteome	analysis,	auxin‐amidohydrolase	was	also	
reported	as	a	novel	protein	identified	in	soybean	root	in	re‐
sponse	 to	 waterlogging	 (Alam	 et	 al.	 2010).	 Despite	 a	 few	
above‐mentioned	evidences,	a	reversible	auxin	conjugation	
as	 a	mechanism	of	 abiotic	 stress	 adaptation	 is	mostly	 un‐
clear,	particularly	in	crop	plants.	




auxins	 activated	 by	 adenylation	 as	 critical	 intermediates	
(Staswick	et	al.	2002,	2005).	The	family	of	GH3	genes	in	Ara‐










ler	 et	 al.	 2009),	 tobacco	 (Roux	 and	 Perrot‐Rechenmann	
1997),	rice	(Jain	et	al.	2006),	and	pungent	pepper	(Liu	et	al.	
2005),	 the	 latter	 regulated	 by	 auxin	 and	 ET.	 Despite	 this,	
only	for	a	few	plant	species,	in	addition	to	Arabidopsis,	the	







The	hydrolysis	of	 IAA	amide	 conjugates	 results	 in	 free	





vies	 et	 al.	 1999;	 Lasswell	 et	 al.	 2000;	 LeClere	 et	 al.	 2002;	
Rampey	et	al.	2004).	Each	of	these	enzymes	shows	different	
but	 overlapping	 substrate	 specificity.	 Auxin	 conjugate	 hy‐
drolases	were	then	isolated	and	partially	characterized	from	
Arabidopsis	 suecica	 (sILR1),	 a	 close	 relative	 of	A.	 thaliana	
(Campanella	et	al.	2003a,	b).	Some	of	auxin	conjugate	hydro‐
lases	from	the	legume	Medicago	truncatula	displayed	activ‐












IPA	 make	 stronger	 interactions	 with	 the	 binding	 site	 of	
BrILL2	in	comparison	to	IAA	(Šimunović	et	al.	2011).	Also,	
these	hydrolases	were	differentially	regulated	during	the	in‐











that	 IBA	 synthesis	 was	 drought	 and	 salt	 inducible.	 These	
preliminary	 findings	 may	 imply	 the	 involvement	 of	 long‐
chain	auxins	 in	stress	responses.	Despite	 the	 isolation	and	
characterization	of	numerous	auxin	amidohydrolases	form	
different	plants	to	date,	the	reaction	mechanisms	as	well	as	
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sis	 showed	 general	 growth‐promoting	 effects	 (Peškan‐
Berghöfer	2004;	Lee	et	al.	2011;	Lahrmann	et	al.	2013).	P.	














udate	of	P.	 indica	 completely	prevent	 the	benefits	 for	Ara‐
bidopsis	 plants	 (Camehl	 et	 al.	 2010).	 Phytohormones	 and	
their	homeostasis	in	the	roots	are	crucial	for	P.	indica	effects	
in	 plants	 (Sirrenberg	 et	 al.	 2007;	 Vadassery	 et	 al.	 2008;	
Schäfer	et	al.	2009).	P.	indica	exudate	component	also	stim‐
ulates	 growth	 of	 Chinese	 cabbage	 plants.	 Much	 work	 has	
been	performed	to	understand	the	role	of	auxin	in	the	bene‐
ficial	interaction	between	P.	indica	and	other	plant	species.	




















Alternaria	brasssicae	 (Johnson	et	 al.	 2014a,	b).	The	 fungus	











B.	rapa	AUX1	 IAA	 influx	 carrier	 in	Arabidopsis	 resulted	 in	











Technologies	 available	 for	 gene	expression	profiling	 allow	
simultaneous	analysis	of	all	genes	in	the	organism.	However,	
this	 is	 linked	with	 collection	 of	 immense	 amounts	 of	 data	




different	 preprocessing	 methods	 (background	 correction,	
normalization,	 greatly	 improves	 the	 robustness	 of	 the	 ob‐
tained	 results	 (Rotter	 et	 al.	 2007).	 Another	 implication	 of	
huge	datasets	is	their	reporting	and	sharing	and	FAIR	prin‐
ciples	 (Findable,	 Accessible,	 Interoperable	 and	 Reusable;	
Starr	et	al.	2015).	For	easier	sharing	of	information	and	pos‐
sible	re‐analyses,	data	must	be	stored	in	permanent	public	














biology	 approach	 can,	 through	 integration	 of	 several	 data	
sources,	lead	to	construction	of	regulatory	network	models	
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